Ku70 forms a heterodimer with Ku80, called Ku that is well known for repairing DNA double-strand breaks through non-homologous end joining. As a result, deletion of either causes a very similar phenotype in mice that includes hypersensitivity to clastogens and early aging. In addition, deletion of Ku80 along with the cell cycle checkpoint protein, p53, dramatically increases the incidence of pro-B-cell lymphoma. Even though Ku70-p53-mutant mice have not been analysed, a logical assumption is they would exhibit the same cancer phenotype. Here, we test this assumption by comparing p53-mutant littermates deleted for either Ku70 or Ku80 or both. We find this assumption to be incorrect as p53-mutants live significantly longer when deleted for Ku70 rather than Ku80 or Ku70 þ Ku80. We also find the former cohort displays much lower levels of pro-B-cell lymphoma than the latter two cohorts. As pro-B-cell lymphoma is caused by a translocation between chromosomes 12 and 15, we tested fibroblasts for DNA repair capacity, and found that p53-mutant fibroblasts are more sensitive to streptonigrin and paraquat when deleted for Ku80 as compared with Ku70. Thus, Ku80 may function outside the Ku heterodimer to influence DNA damage repair presenting the possibility that Ku80 influenced the open coding ends in a manner that suppressed a cancer-causing translocation. Oncogene (2009 Oncogene ( ) 28, 1875 Oncogene ( -1878 doi:10.1038 /onc.2009 published online 30 March 2009 Keywords: DNA double-strand break; non-homologous end joining; pro-B-cell lymphoma; medulloblastoma; T-cell lymphoma Non-homologous end joining repairs DNA doublestrand breaks by joining ends together without the use of a homologous template (Burma et al., 2006) . Ku70 forms a heterodimer with Ku80, called Ku, which binds to DNA ends along with the PI-3 kinase catalytic subunit, DNA-PK CS . The Xrcc4-DNA ligase IV heterodimer ligates DNA ends to complete non-homologous end joining. These ends may be non-specific or induced by Rag-1/Rag-2 to initiate V(D)J recombination for assembling antigen receptor genes.
Mice deleted for Ku70 or Ku80 display mostly the same phenotype when controlled for genetic background and environment. They exhibit hypersensitivity to g-radiation (Gu et al., 1997a; Lim et al., 2000) , defective V(D)J recombination (Zhu et al., 1996; Gu et al., 1997b) , genomic instability and early aging with low-cancer levels (Vogel et al., 1999; Holcomb et al., 2007; Li et al., 2007) . This similar phenotype suggests Ku70 and Ku80 function is restricted to the Ku heterodimer.
Without exposure to genotoxin, Ku80 mutant mice and fibroblasts exhibit increased levels of DNA damage and elevation of some p53-mediated responses (Holcomb et al., 2008) ; p53 is a tumor suppressor that induces apoptosis and cell cycle checkpoints in response to genotoxic stress (Riley et al., 2008) . As a consequence, p53-mediated responses influence some aspects of the Ku80-mutant phenotype. For example, Ku80 mutant mice exhibit p53-dependent premature replicative senescence of fibroblasts and neuronal apoptosis (Difilippantonio et al., 2000; Gao et al., 2000; Gu et al., 2000; Lim et al., 2000) . In addition, mice deleted for both Ku80 and p53 show high levels of pro-B-cell lymphoma (Difilippantonio et al., 2000; Lim et al., 2000) and medulloblastoma (Holcomb et al., 2006) . Therefore, p53-mediated cellular responses influence the Ku80-mutant phenotype.
At this time there is no report describing the phenotype of p53-mutant mice deleted for Ku70 perhaps because deleting Ku70 would likely be the same as deleting Ku80. However, there is reason to believe Ku70 or Ku80 may function independent of the Ku heterodimer as some Ku70 remains in the absence of Ku80 (Nussenzweig et al., 1996) and vice versa (Gu et al., 1997a) . In addition, each subunit enters the nucleus through a different nuclear localization signal (Koike et al., 2000; Lim et al., 2008) and Ku70 levels increase in response to g-radiation without Ku80 (Brown et al., 2000) . Ku70 also associates with DNA (Wang et al., 1998) , interacts with chromatin structure proteins (TRF1, TRF2 and Hp1a) (Hsu et al., 2000; Song et al., 2000 Song et al., , 2001 and with a DNA repair protein, MRE11 (Goedecke et al., 1999) . Ku70 may influence cell death as it associates with Bax (Gomez et al., 2007) and p18-cyclin E (Mazumder et al., 2007) and is a substrate of Granzyme A proteolysis (Zhu et al., 2006) . Ku70 also associates with p95 vav (Romero et al., 1996) , Apolipoprotein J and unidentified proteins (Yang et al., 1999) . Ku80 may also function without Ku70 as it is a cellular coreceptor for human parvovirus B19 infection (Munakata et al., 2005) . Thus, a definitive evaluation of Ku70-p53-double mutant mice is warranted.
Here, we analysed p53-mutant littermates deleted for Ku70 or Ku80 or both (Donehower et al., 1992; Zhu et al., 1996; Gu et al., 1997b) . Three cohorts were observed: ku70
À/À (TM, triple mutant). All mice in this study were generated from 81 different Ku80
breeding pairs (129 Â C57Bl cross); therefore, they were generation 1 (for Ku70 and Ku80) brothers, sisters and cousins housed in the same cages in only one room to controlled for genetic background and environment.
Life span was determined for all three mutant cohorts ( Figure 1 ). To our surprise the 70M53M cohort lived significantly longer than either the 80M53M (P>0.0001, logrank test) or the TM (P ¼ 0.0184) cohort. However, there was no difference between the 80M53M and TM life spans (P ¼ 0.7036). For 70M53M mice, the average and mean life span was 13.5 and 11.5 weeks as compared with 8.3 and 9 weeks for 80M53M and 9.5 and 9 weeks for TM mice. The most obvious difference in life span was towards the end of the curve as the longest-lived 18.3% of the 70M53M cohort exceeded the most longlived mouse from the other two cohorts. Furthermore, the oldest 70M53M mouse lived 21 weeks longer than the oldest 80M53M or TM mouse, a 123% extension. The genotype for all mice was taken at 2 weeks and then verified at the time of death to ensure genotyping errors were not influencing results. Therefore, the 70M53M cohort exhibited a longer life span than the 80M53M and TM cohorts.
By necropsy, mice from the 70M53M, 80M53M and TM cohorts were observed for pathology at the end of their life. Only severely moribund mice (immobile and unable to reach the water source) and very recently dead mice (within several hours) were observed. Commonly, we found masses in their chest cavity. On the basis of past examinations of 80M53M mice, these masses are usually pro-B-cell lymphoma (Lim et al., 2000) but may also be an abscess (Vogel et al., 1999; Holcomb et al., 2007; Li et al., 2007) . To make this distinction, some of these masses were further examined by either histology or fluorescence-activated cell-sorting.
The 80M53M and TM cohorts were analysed for cause of death. Earlier we showed that most of the 80M53M mice died from pro-B-cell lymphoma (Lim et al., 2000) and we duplicated these results here (Figure 1b) . By necropsy, 44 of 49 moribund mice presented with a mass in their chest cavity. By fluorescence-activated cell-sorting, 5 of 5 of these masses were verified to be pro-B-cell lymphoma suggesting about 90% of the 80M53M cohort died from pro-B-cell lymphoma. Earlier others and we showed these pro-Bcell lymphomas were caused by a single translocation between the IgH locus on chromosome 12 and the c-myc gene on chromosome 15 suggesting they are clonal and caused by aberrant repair of a Rag-induced doublestrand break (Difilippantonio et al., 2000; Lim et al., 2000) . We also verified that Rag-induced breaks induce pro-B-cell lymphoma as 80M53M mice deleted for Rag-1 no longer exhibited this type of cancer (Holcomb et al., 2006) . Similarly, most of the TM mice died from pro-B-cell lymphoma, 8 of 11 moribund mice presented with a mass in their chest cavity and 4 of 4 were verified as pro-B-cell lymphoma (B73%). Thus, 80M53M and TM mice exhibited a similar cancer incidence (P ¼ 0.1538) and identical cancer spectrum showing that pro-B-cell lymphoma is largely responsible for their death and similar life span curves.
Why did the 70M53M cohort live longer than the 80M53M and TM cohorts? We find most of the 70M53M mice do not exhibit pro-B-cell lymphoma. By necropsy, only 28 of 51 moribund mice presented with a mass in their chest cavity and only 3 of 9 were pro-B-cell lymphoma (3 were T-cell lymphoma and 3 were bronchopneumonia). Thus, about 19% of the 70M53M cohort exhibited pro-B-cell lymphoma (Figure 1b) , a much lower incidence than either the 80M53M (Po0.001, Fisher's exact test) or TM (P>0.001) cohorts. Therefore, these data suggest the 70M53M cohort lived longer than the 80M53M and TM cohorts because of lower levels of pro-B-cell lymphoma. 
T cell med bp UI Figure 1 Life span and cause of death. (a) Life span. About half of the 80M53M and 70M53M mice die before weaning because they fail to compete with their control littermates for food; therefore, the life span curve begins after weaning at 3 weeks so these early deaths do not confound the interpretation. (b) Causes of death. Mice died from pro-B-cell lymphoma (blue), T-cell lymphoma (green), medulloblastoma (red), bronchopneumonia (yellow) and unidentified causes (purple). The unidentified TM cohort may have died from medulloblastoma because brains were not analysed. In addition, some 80M53M mice with pro-B-cell lymphoma also had medulloblastoma or bronchopneumonia; however, the cause of death for these mice was most likely pro-B-cell lymphoma as it was very invasive into the heart and lungs. A full colour version of this figure is available at the Oncogene journal online.
Deleting Ku70 is milder than Ku80 in p53-mutant mice H Li et al
How do most of the 70M53M mice die? We found the remaining 70M53M cohort died from medulloblastoma, T-cell lymphoma and severe chronic inflammation (for this study we quantitated bronchopneumonia) (Figure 1b) . These same pathologies were also observed in an 80M53M cohort deleted for Rag-1 (Holcomb et al., 2006 . Therefore, the 70M53M mice exhibited the same pathologies as the 80M53M mice deleted for Rag-1 suggesting these pathologies are caused by deletion of the Ku heterodimer and/or p53. Thus, the only difference between deleting Ku70 or Ku80 in p53-mutant mice was the incidence of pro-Bcell lymphoma.
Why did the 70M53M cohort exhibit less pro-B-cell lymphoma than the 80M53M and TM cohorts? As pro-B-cell lymphoma is caused by a translocation using the open coding ends that result from failed V(D)J recombination, it is possible that Ku80 associates with these ends to prevent the translocation. If this is the case, then 80M53M cells may exhibit a different dose response to certain genotoxins as compared with 70M53M cells. To test this possibility, we exposed 80M53M and 70M53M dermal fibroblasts to streptonigrin (Bolzan and Bianchi, 2001 ) and paraquat (Bus et al., 1974) . Earlier we showed 80M53M fibroblasts were hypersensitive to both agents (Lim et al., 2000) . These data are reproduced here, but the 80M53M fibroblasts exhibited a greater sensitivity to both agents than the 70M53M fibroblasts (Figure 2) . Thus, these data are similar to the mouse data as the 80M53M phenotype is more severe than the 70M53M phenotype.
Here, we compared cohorts of 70M53M, 80M53M and TM mice controlled for genetic background and environment and found the 70M53M cohort lived significantly longer than the other cohorts because of a lower incidence of pro-B-cell lymphoma (B19 vs 73-90%). Thus, free Ku80 is likely responsible for the lower levels of pro-B-cell lymphoma in 70M53M mice as deleting it converts the 70M53M phenotype to the 80M53M phenotype. This means free Ku80 may have functional consequences for situations when Ku70 is unilaterally degraded or sequestered. For example, Granzyme A unilaterally degrades Ku70 (Zhu et al., 2006) . Granzyme A induces cell death for target cells of cytotoxic T lymphocytes and natural killer cells; thus, free Ku80 may contribute to Granzyme A immune defense against viruses and tumors. In addition, Ku70 associates with (and is sequestered by) p18-cyclin E as apart of a cell death pathway in hematopoietic tumor cell lines. Ku70 may also be sequestered by a variety of other proteins, including Bax (Gomez et al., 2007) , as discussed earlier. Therefore, Ku70 degradation or sequestration could suppress tumors by unleashing free Ku80. In a speculative model, we suggest that Ku80 (independent of Ku70) binds to the open coding ends to prevent cancer-causing translocations. This model correlates our major observations that deleting Ku70 causes a milder phenotype than deleting Ku80 in mice and cells.
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